Purpose The purpose of the present study is to study what is the best predictor of severe ovarian hyperstimulation syndrome (OHSS) in IVF. Methods This is a retrospective analysis of all consecutive IVF/intracytoplasmic injection cycles performed during a 5-year period (2009)(2010)(2011)(2012)(2013)(2014) in a single university fertility centre. All fresh IVF cycles where ovarian stimulation was performed with gonadotrophins and GnRH agonists or antagonists and triggering of final oocyte maturation was induced with the administration of urinary or recombinant hCG were analyzed (2982 patients undergoing 5493 cycles). Because some patients contributed more than one cycle, the analysis of the data was performed with the use of generalized estimating equation (GEE). Results Severe OHSS was diagnosed in 20 cycles (0.36%, 95% CI 0.20-0.52). The number of follicles ≥10 mm on the day of triggering final oocyte maturation represents the best predictor of severe OHSS in IVF cycles. The cutoff in the number of follicles ≥10 mm with the best capacity to discriminate between women that will and will not develop severe OHSS was ≥15. Conclusion The presence of more than 15 follicles ≥10 mm on the day of triggering final oocyte maturation represents the best predictor of severe OHSS in IVF cycles.
Introduction
Ovarian hyperstimulation syndrome (OHSS) is a serious iatrogenic complication of ovarian stimulation treatments for in vitro fertilization (IVF). According to the 2010 report of assisted reproductive technology (ART) in Europe by the European Society of Human Reproduction and Embryology (ESHRE), it has a prevalence of 0.3% of IVF cycles [1] . Although the incidence of OHSS is low and tends to decrease in recent years [1] [2] [3] [4] , the fact that subfertile women pursuing pregnancy by ART might experience a potentially lethal iatrogenic complication [5, 6] renders OHSS as one of the most important concerns of modern IVF practice.
The pathophysiology of OHSS is not fully understood, yet it is believed that a combination of factors such as genetic susceptibility [7, 8] , ovarian hyperstimulation, and mainly the presence of human chorionic gonadotrophin (hCG) initiate in some patients a cascade of events that involve increased production and activity of vasoactive substances. hCG is thought to play a crucial role in the development of the syndrome as severe forms are restricted to cycles with exogenous hCG (to induce ovulation or as luteal phase support) or with endogenous pregnancy-derived hCG [9] . Actually, two conditions appear to be a prerequisite to the development of the syndrome: multiple follicular growth and further extensive luteinization of these follicles. The syndrome is indeed exclusively postovulatory and is the consequence of a large production of vasoactive ovarian factor(s) such as vascular endothelial growth factor (VEGF), various interleukins, and angiotensin during the formation of the multiple corpora lutea [9] [10] [11] [12] [13] [14] .
This imbalance of vasoactive substances results in altered vascular permeability of mesothelial surfaces, inducing a vascular fluid leakage, which is the main physiological basis of the clinical symptoms of OHSS.
OHSS can have early or late onset. Early OHSS is an acute consequence of the exogenous hCG administration before oocyte retrieval in IVF cycles and is usually related to an excessive ovarian response to gonadotrophin stimulation. Late OHSS is induced by endogenous hCG produced from the starting pregnancy and is observed in women who become pregnant [15, 16] . Although hCG is administered in most IVF cycles for triggering final oocyte maturation, OHSS happens only rarely [2, 3] and it has been shown that the magnitude of ovarian response is well correlated with the risk of OHSS [17, 18] .
Several strategies have been developed for the prevention of severe OHSS including cycle cancellation [19] , coasting [20] , decrease in the dose of hCG administration [21] , cryopreservation of all embryos [22, 23] , use of macromolecules such as albumin [24] or hydroxyethyl starch [25] , and administration of cabergoline [26] . The development of GnRH antagonist protocols has rendered possible the triggering of ovulation with endogenous LH surge instead of hCG, which appeared to be associated with a decreased incidence of OHSS [27] . This was achieved through the administration of GnRH agonist [28] or more recently through the injection of kisspeptin-54 [29] . The increased acceptance of the GnRH antagonist protocol and the introduction of vitrification for embryo cryopreservation have rendered an alternative strategy, the administration of GnRH agonists for triggering final oocyte maturation combined with cryopreservation of all embryos, for transfer in subsequent frozen-thawed cycles [30] quite popular. This strategy seems to be quite effective, since severe OHSS occurrence following agonist triggering of final oocyte maturation has been limited in a small number of case reports [31] [32] [33] . In order to further decrease OHSS risk, it was recently proposed to administer gonadotrophin-releasing hormone (GnRH) antagonist during the luteal phase [34, 35] .
It should be noted that the use of the above strategies is meaningful when the risk of severe OHSS is particularly elevated and can be quantified prior to triggering of final oocyte maturation. The identification of prediction factors is therefore crucial.
So far, several attempts have been made to predict severe OHSS. Considering that the occurrence of the syndrome is largely correlated with the response of the ovaries to stimulation, indices of ovarian response have been used for this purpose. The level of estradiol, the number of follicles on the day of triggering final oocyte maturation, the number of oocytes retrieved, the total dose of gonadotrophins, and the duration of stimulation have been evaluated as predictors of severe OHSS occurrence with conflicting, however, results regarding their potential as single predictors of severe OHSS [2, 17, [36] [37] [38] .
The aim of this study was to identify the best single predictor of severe OHSS in women undergoing ovarian stimulation for IVF with gonadotrophins and GnRH analogues by analyzing a large number of IVF cycles from a single center.
Materials and methods

Population
In this retrospective cohort study, the IVF cycles of 5 years of practice (March 2009-February 2014) from the Fertility Clinic of the Erasme Hospital of the French-speaking Free University of Brussels were reviewed. All fresh IVF cycles where ovarian stimulation was performed with gonadotrophins and GnRH agonists or antagonists and triggering of final oocyte maturation was induced with the administration of urinary or recombinant hCG were analyzed (2982 patients undergoing 5493 cycles). Oocyte donation cycles as well as those cycles in which hCG was administered during the luteal phase were excluded. Furthermore, cycles where coasting was performed in order to prevent OHSS were excluded from the present study. No other forms of OHSS prevention (e.g., albumin, cabergoline administration) were utilized during the study period.
Ovarian stimulation
Ovarian stimulation was performed with the use of daily gonadotrophins, and prevention of LH surge was accomplished with the administration of GnRH analogues. Starting dose was determined by the treating physician on the basis of age, basal follicle-stimulating hormone (FSH), body mass index (BMI), and previous response to ovarian stimulation (range 75-300). Anti-mullerian (AMH) hormone was also used for this purpose in some patients since 2008, although its assessment became more systematic after 2011. Ovarian stimulation was monitored by transvaginal ultrasonography and assessment of estradiol and LH as required.
As soon as the criteria for final oocyte maturation were met (presence of three or more follicles ≥17 mm) either urinary (10,000 IU) or recombinant (250 μg) hCG was used to trigger final oocyte maturation. Oocyte retrieval was performed 36-38 h after hCG administration and embryos were fertilized either with conventional IVF or intracytoplasmic injection (ICSI). One to four embryos (mean ± standard deviation (SD) 1.4 ± 0.8) were transferred 2-5 days after fertilization depending on the age of the patient, the score of the embryos, and the number of previous trials. All women received micronized progesterone as luteal support.
Diagnosis and classification of OHSS
The primary outcome measure was occurrence of severe OHSS, while occurrence of moderate OHSS was considered as a secondary outcome measure. OHSS was assessed based on the criteria of Golan et al. [39] . Hence, moderate OHSS was diagnosed in patients with abdominal distension, discomfort associated or not with nausea, vomiting, diarrhea, enlarged ovaries, and ultrasonographic evidence of ascites. Patients with severe OHSS were those who also had clinical evidence of ascites and/or hydrothorax, breathing difficulties or hemoconcentration, increased blood viscosity, and decreased renal perfusion [5] . All patients with severe OHSS were hospitalized, and supportive measures were taken until their clinical status was improved. Cases of moderate OHSS were monitored on an outpatient basis. If a patient was initially diagnosed with moderate OHSS but was subsequently diagnosed with severe OHSS with requirement for hospitalization, she was registered as a severe OHSS case. Patients that were diagnosed within 9 days after oocyte retrieval were classified as early-onset OHSS cases and those who were diagnosed after the first 9 days as late-onset OHSS cases [15, 16] .
Statistical analysis
All continuous variables were expressed as mean (SD) or as median (interquartile range (IQR)) depending on the normality of their distribution, which was evaluated by inspection of distribution plots and the Kolmogorov-Smirnov test.
Because some patients contributed more than one cycle, the analysis of the data was performed with the use of generalized estimating equation (GEE), which is an extension of the generalized linear model framework and accounts for any auto-correlation (clustering effect) between the data. Logit regression models were constructed in order to extract results regarding potential associations between predictors and dependent variables.
Using the results from the aforementioned GEE models, receiver operating characteristic (ROC) analyses were performed on significant predictors and areas under the curve (AUC) were calculated along with their binomial confidence intervals in order to identify the variable that could better discriminate between patients with and without severe OHSS. The optimal criterion for each ROC analysis was identified according to Youden's index [40] .
Multivariable GEE regression analyses were also performed in order to explore the possibility of constructing a combined model that could predict severe OHSS more efficiently than a model based on a single predictor.
Due to the retrospective nature of the data, not all cases in the database had complete records for every independent variable examined. All analyses were performed on the basis of a complete dataset. In bivariate logistic regression analyses, all evaluable cases (non-missing) for each variable were utilized. In multivariable regression analyses, all cases with nonmissing data for all of the predictors were used. To check for the robustness of these results, all bivariate analyses were also performed on the basis of a complete-record dataset defined as these cases where data about follicles on the day of hCG, E2 levels on the day of hCG, and total FSH dose were available.
Statistical analyses were performed with the use of Stata (ver. 13.1 for Mac) and MedCalc (ver. 13.0). All statistical tests were two-sided, and alpha error was set at 0.05.
Results
In total, 2982 patients were stimulated with daily gonadotrophins and GnRH analogues and triggered with hCG with the intention to perform a fresh embryo transfer using own oocytes in 5493 cycles. In 2653 of these cycles, GnRH agonists were used for preventing premature LH surge, while in 2840 cycles, GnRH antagonists were used for the same purpose. Stimulation was performed with menotropins (n-= 2289 cycles, 41.7%), urofollitropins (n = 15 cycles, 0.2%), or recombinant (n = 3189, 58.1%) FSH. Triggering of final oocyte maturation was performed in the majority of cases with 10,000 IU urinary hCG (n = 5331 cycles, 97.1%) while in 162 cycles (2.9%), 250 μg recombinant hCG was used. Embryo transfer was performed in 4824 cycles (87.8%), out of which 1874 had a positive pregnancy test (38.8% per ET) ( Table 1) .
OHSS occurrence
Moderate OHSS occurred in 74 cycles (1.35%), and severe OHSS was diagnosed in 20 cycles (0.36%). Adjusting for the clustered form of data did not result in substantially different estimates of the OHSS risk (Table 2 ). Moderate and severe OHSSs were diagnosed in average at 11.6 and 10.8 days, respectively, after OPU. Overall, 30 cases had early moderate OHSS (40.5% of all moderate OHSS cases), while severe OHSS was more frequently diagnosed as a late severe OHSS (65.0%).
Most patients with moderate (53/74, 71.6%) and severe (16/20, 80.0%) OHSSs had a positive pregnancy test. Only three cases with a negative pregnancy test had a late moderate OHSS. Regarding severe OHSS, all of the patients that were diagnosed with a late severe OHSS had a positive pregnancy test.
Predicting severe OHSS on the day of hCG
The characteristics of cycles with and those without severe OHSS are presented and compared in Table 3 . Based on these results, the pre-hCG characteristics that were significantly different between these two groups were (a) the total dose of FSH required to complete stimulation, (b) the E2 levels on the day of hCG, and (c) the total number of follicles 10-14 and 15-30 mm (Table 3) .
Single predictors/bivariate logistic regression analyses
Bivariate logistic regression analyses (using the GEE framework) indicated that all three aforementioned variables were significant predictors of severe OHSS occurrence (Table 4) .
For every additional follicle ≥10 mm on the day of hCG, an 18% relative increase in the risk of severe OHSS was noted. Similarly, for every 1000 pg/mL increase in the E2 concentration on the day of hCG, the risk of severe OHSS was increased by 180%. On the other hand, for every additional 1000 IUs of FSH, the risk of severe OHSS was reduced by 79% (Table 4) .
The capacity of these variables to discriminate between patients with or without severe OHSS was also assessed through ROC analyses (Fig. 1a) . The number of follicles ≥10 mm on the day of hCG exhibited the largest area under Table 4) . The cutoff in the number of follicles ≥10 mm on the day of hCG with the best capacity to discriminate between women that will and will not develop severe OHSS was ≥15 (Table 4) . More specifically, having ≥15 follicles ≥10 mm on the day of hCG translated in a substantially increased risk of severe OHSS as compared to having <15 follicles (OR 28.7, 95% CI 8.5-97.1). This cutoff was also able to identify 89.5% of cases of severe OHSS and also to correctly classify as not at risk for severe OHSS 82.9% of women that did not experience severe OHSS. Given the prevalence of severe OHSS in this population (0.36%) (Table 2), the positive predictive value of this cutoff is 1.86%, while the negative predictive value is 99.95%.
Regarding E2 levels on the day of hCG, the best cutoff identified was 2201 pg/mL (Table 4) . Having a serum concentration of E2 on the day of hCG equal or more than 2201 pg/ mL increases the odds of severe OHSS by 13.2 times (OR 13.2, 95% CI 3.9-44.8). This cutoff identified 85.0% of the cases of severe OHSS and also correctly classified as not being at risk for severe OHSS 71.8% of cases where severe OHSS did not develop. Given the prevalence of severe OHSS in this population (Table 2) , the positive predictive value is 1.08%, while the negative predictive value is 99.92%.
Completing ovarian stimulation with a total dose of FSH equal or less than 1700 IU was the best cutoff for the detection of women at high risk for severe OHSS (Table 4) . By using this threshold, 85.0% of the cases of severe OHSS were identified and 64.2% of women not diagnosed with severe OHSS were correctly classified. Considering the prevalence of severe OHSS in this population (Table 2) , the positive predictive value is 0.85%, while the negative predictive value is 99.92%.
Combined model of predictors/multivariable logistic regression analyses
Subsequently, the three aforementioned variables were included in the same model, aiming to produce a model with improved characteristics. The combined model had a larger AUC than the one of the total number of follicles ≥10 mm on the day of hCG (Table 4) ; however, this difference was not significant (AUC diff +0.01, 95% CI −0.04 to +0.06) (Fig. 1b) . The optimal threshold identified for the combined model (expressed as a score) had higher specificity (85.9%), at the expense of lower sensitivity (84.2%) when compared to the total number of follicles ≥10 mm (Table 4) . Considering the prevalence of severe OHSS in this population (Table 2) , the positive predictive value of using this method is 2.11%, while the negative predictive value is 99.93%.
Sensitivity analyses
Complete-record cases Restricting the analyses only in the complete-record cases (those cycles where information about all three variables was available, n = 5120) did not substantially alter the conclusions drawn ( Table 5 ). The total number of follicles ≥10 mm had the largest AUC, and the optimal threshold to discriminate between cycles with or without severe OHSS was still ≥15.
Type of GnRH analogue Repeating the analysis separately for cycles where GnRH agonists and GnRH antagonists were used did not materially change the conclusions of the main analysis. The total number of follicles ≥10 mm remained the predictor with the best performance. Notably, although in GnRH antagonist cycles, the optimal cutoff for identification of cases at high risk for severe OHSS was still ≥15 follicles ≥10 mm on the day of hCG, in the GnRH agonist cycles, this cutoff was ≥16.
Other predictors of high ovarian response Including the value of AMH in the same model, the total number of follicles ≥10 mm on the day of hCG for the 3074 cycles (n = 1770 women) for which this information was available did not improve the predictive ability of the model. The value of serum anti-mullerian hormone was not significantly associated with the occurrence of severe OHSS when an adjustment was made for the number of follicles ≥10 mm on the day of hCG trigger (OR 0.90, 95% CI 0.74-1.08). Similarly, a diagnosis of PCOS (n = 552) was also not significantly associated with the occurrence of severe OHSS, when the total number of follicles ≥10 mm was controlled for (OR 1.63, 95% CI 0.27-9.99).
Predicting moderate OHSS on the day of hCG
The performance of the single predictors and the combined model to predict the occurrence of moderate OHSS is depicted in Table 6 . Overall, the discriminatory capacity of these variables to predict moderate OHSS was lower as compared to their capacity to predict the occurrence of severe OHSS. The total number of follicles ≥10 mm on the day of hCG had a significantly larger AUC as compared to E2 on the day of hCG and the total FSH dose (Fig. 2a) . Furthermore, this AUC was not significantly different from the AUC of the combined model (AUC diff −0.007, 95% CI −0.022 to +0.006) (Fig. 2b) . 
Discussion
This study supports that the best predictor of severe OHSS, in IVF cycles where stimulation has been performed with daily gonadotrophins and GnRH analogues, is the total number of follicles ≥10 mm on the day of hCG administration. A combined model including the number of follicles ≥10 mm, E2 levels on the day of hCG, and the total dose of FSH did not improve significantly the predictive ability of the model. A cutoff of ≥15 follicles ≥10 mm appears to offer the overall best performance and is associated with high sensitivity and specificity for the identification of severe OHSS. Moderate OHSS occurrence can be identified using a cutoff of ≥12 follicles ≥10 mm on the day of hCG although the sensitivity and specificity are not as high as those observed for severe OHSS prediction. The issue of predicting OHSS has been evaluated in the past [18, [41] [42] [43] [44] [45] although not as frequently as one would expect considering the importance and the clinical implications of OHSS. Efforts have been made to identify patients at risk of OHSS prior to initiation of stimulation [44] [45] [46] [47] [48] [49] . However, it is clear that since OHSS is closely linked with ovarian response to stimulation, prediction of OHSS becomes more reliable when ovarian stimulation has been completed and the ovarian response is known. It is at this time that prediction of severe OHSS is also clinically useful since important measures can be applied to reduce OHSS risk. The current study emphasized on these two important aspects in order to provide clinicians with a more reliable prediction of severe OHSS at a time where they can choose to either reduce the dose of hCG or use GnRH agonist for triggering final oocyte maturation (in GnRH antagonist cycles) or apply other preventive measures (e.g., administration of cabergoline from the day of hCG).
This study seems to be in agreement with previous reports that have also identified the number of follicles on the day of hCG as a consistent predictor of severe OHSS [2, 41, 47, 50, 51] . Moreover, in the study by Papanikolaou et al. [2] , it was also suggested that the number of follicles ≥11 mm had significantly larger AUC as compared to the E2 levels on the day of hCG. The identified cutoff in that study was ≥18 follicles ≥11-mm follicles, which is comparable to the one identified in the current study (≥15 follicles ≥10 mm). Fig. 1 a Receiver operator characteristic analyses of the ability of the number of follicles ≥10 mm on the day of hCG, the E2 levels on the day of hCG, and the total FSH dose to predict the occurrence of severe OHSS. b Receiver operator characteristic analyses of the ability of the number of follicles ≥10 mm on the day of hCG and of the combined GEE model including the number of follicles ≥10 mm on the day of hCG, the E2 levels on the day of hCG, and the total FSH dose to predict the occurrence of severe OHSS
It should be noted that the risk for severe OHSS (adjusted risk 0.36%) is lower than what has been reported previously. This discrepancy might reflect the different diagnostic criteria used between studies, differences in the populations analyzed, or more importantly differences in the ovarian stimulation strategy. In the study by Papanikolaou et al. [2] , the incidence of severe OHSS was 2.1%. However, it should be noted that the mean number of oocytes retrieved in that study (OHSS 21.3; non-OHSS 11.0) [2] was substantially higher than the one in the current study (OHSS 13.4; non-OHSS 7.2) ( Table 3) , which might have accounted for the difference in the incidence of severe OHSS. This is in agreement with a prevalence of OHSS of 0.3% IVF cycles in the last report of ART in Europe by ESHRE [1] and the decreased incidence of the syndrome during recent years [1] .
To the best of our knowledge, this is the largest study that investigates potential pre-ovulatory predictors of severe OHSS in ovarian stimulation for IVF. Furthermore, it provides data from a relatively recent time period, and hence, it is likely to reflect more accurately current practice. This study includes data from a single center, which increases the homogeneity of the population in terms of ovarian stimulation and especially in terms of diagnosis of OHSS using a single definition. Moreover, the data have been analyzed while accounting for the non-independence of data and this strengthens the validity of the conclusions drawn.
This study is also characterized by some limitations. The retrospective nature of this study renders it potentially vulnerable to multiple sources of bias. Most importantly, the diagnosis of OHSS is an area where significant variability can be present. Although a single definition was used throughout the study period, and the main outcome measure (i.e., severe OHSS) included hospitalization, which is a more robust indicator, potential misclassification of OHSS cases cannot be excluded. Furthermore, due to the retrospective nature of this study, not all cases had information about the three main predictors. However, a sensitivity analysis including only complete-record cases (Table 5) did not materially change Fig. 2 a Receiver operator characteristic analyses of the ability of the number of follicles ≥10 mm on the day of hCG, the E2 levels on the day of hCG, and the total FSH dose to predict the occurrence of moderate OHSS. b Receiver operator characteristic analyses of the ability of the number of follicles ≥10 mm on the day of hCG and of the combined GEE model including the number of follicles ≥10 mm on the day of hCG, the E2 levels on the day of hCG, and the total FSH dose to predict the occurrence of moderate OHSS the results obtained. The present study also included both GnRH agonist and antagonist cycles. A sensitivity analysis performed in GnRH agonist or antagonist cycles confirmed the main finding, i.e., that the total number of follicles ≥10 mm is the best predictor of severe OHSS. In the same sensitivity analysis though, it was noted that the optimal cutoff in GnRH agonist cycles is ≥16 follicles ≥10 mm on the day of hCG whereas for GnRH antagonist cycles, the proposed cutoff is ≥15 follicles ≥10 mm. The triggering of final oocyte maturation was performed in all cycles using either 10,000 IU urinary hCG or 250 μg recombinant hCG. Therefore, our data cannot be applied in cycles where final oocyte maturation is performed with lower doses of hCG or GnRH agonists. The findings from this study can provide a simple and effective way of identifying patients at high risk for severe OHSS. The number of follicles ≥10 mm on the day of hCG appears to be the best predictor and a graphical representation of the probability of severe OHSS occurrence as a function of the number of follicles ≥10 mm on the day of hCG is presented in Fig. 3 . Using a cutoff of ≥15 follicles ≥10 mm allows for the identification of 89.5% of severe OHSS cases. Using the prevalence of severe OHSS that was observed in this study, the presence of <15 follicles ≥10 mm means that the chance of severe OHSS in that cycle is reduced to 0.05% (5/10,000 cycles). However, in only 1.86% of those cycles, identified as at risk for severe OHSS (≥15 follicles ≥10 mm), the syndrome will actually develop.
In conclusion, the number of follicles ≥10 mm on the day of hCG seems to be the best predictor of severe OHSS after ovarian stimulation with gonadotrophins and GnRH analogues for IVF. Using, a threshold of 15 follicles allows for the identification of patients with particularly increased risk where preventive measures should be taken.
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